Parkinson's disease is a common, progressive, debilitating neurodegenerative disorder whose motor symptoms include bradykinesia, rigidity and resting tremor [1] [2] [3] . These symptoms are attributable to the loss of dopaminergic neurons in the substantia nigra pars compacta (SNc). Although the principal target of this innervation is the striatum, the most prominent pathophysiology in animal models of late-stage Parkinson's disease and in human patients occurs in one of its synaptic targets, the GPe (also called just the globus pallidus in rodents). In healthy animals, the autonomous, high discharge rate of GPe neurons is episodically interrupted by pauses created by convergent activity in GABAergic striatopallidal neurons involved in action selection and procedural motor learning 4, 5 .
Parkinson's disease is a common, progressive, debilitating neurodegenerative disorder whose motor symptoms include bradykinesia, rigidity and resting tremor [1] [2] [3] . These symptoms are attributable to the loss of dopaminergic neurons in the substantia nigra pars compacta (SNc). Although the principal target of this innervation is the striatum, the most prominent pathophysiology in animal models of late-stage Parkinson's disease and in human patients occurs in one of its synaptic targets, the GPe (also called just the globus pallidus in rodents). In healthy animals, the autonomous, high discharge rate of GPe neurons is episodically interrupted by pauses created by convergent activity in GABAergic striatopallidal neurons involved in action selection and procedural motor learning 4, 5 .
The autonomous and somewhat variable pacemaking of GPe neurons helps to keep their activity uncorrelated with that of their neighbors, allowing the basal ganglia microcircuits they are part of to function independently in movement control [6] [7] [8] [9] . In late-stage Parkinson's disease, this activity pattern changes markedly. In this state, GPe neurons and synaptically coupled neurons in the subthalamic nucleus begin to spike in synchronous highfrequency bursts [1] [2] [3] [10] [11] [12] . This pathological pattern is reversed by therapeutically effective doses of L-DOPA or by high-frequency deep brain stimulation (DBS) of the subthalamic nucleus, establishing a causal linkage between it and the core motor symptoms of Parkinson's disease [1] [2] [3] .
Despite the importance of this network pathophysiology, its origins are unclear. In the Parkinson's disease state, the loss of DA is thought to disinhibit striatopallidal medium spiny neurons (MSNs), leading to the suppression of autonomous activity in GPe neurons and the emergence of rhythmic bursting in the network they form with the subthalamic nucleus. The complication with this scenario is that although striatopallidal MSNs are more excitable after DA depletion 13 , they are not tonically active as demanded by modeling studies 14, 15 . The other possibility is that the decorrelating, autonomous activity of GPe neurons is lost in Parkinson's disease, mimicking a sustained GABAergic inhibition. To test this hypothesis, we examined GPe neurons from rodent Parkinson's disease models. These studies revealed that DA depletion produced a progressive loss of autonomous pacemaking in GPe neurons. The loss was attributable to the selective downregulation of an ion channel that has an essential role in the generation of GPe pacemaking, the HCN channel 6, 16, 17 . However, restoration of pacemaking by viral delivery of an HCN channel construct did not alleviate the motor disability after DA depletion, suggesting that the primary network defect resided elsewhere and the channelopathy in GPe neurons was a maladaptive form of homeostatic plasticity. In agreement with this hypothesis, antagonism of L-type Ca 2+ channels, which are key regulators of calcium entry during pathological burst spiking in GPe neurons and homeostatic plasticity in other neurons 18, 19 , significantly attenuated the loss of autonomous activity after DA depletion.
Parkinson's disease is a common neurodegenerative disorder characterized by a profound motor disability that is traceable to the emergence of synchronous, rhythmic spiking in neurons of the external segment of the globus pallidus (GPe). The origins of this pathophysiology are poorly defined for the generation of pacemaking. After the induction of a parkinsonian state in mice, there was a progressive decline in autonomous GPe pacemaking, which normally serves to desynchronize activity. The loss was attributable to the downregulation of an ion channel that is essential in pacemaking, the hyperpolarization and cyclic nucleotide-gated (HCN) channel. Viral delivery of HCN2 subunits restored pacemaking and reduced burst spiking in GPe neurons. However, the motor disability induced by dopamine (DA) depletion was not reversed, suggesting that the loss of pacemaking was a consequence, rather than a cause, of key network pathophysiology, a conclusion that is consistent with the ability of L-type channel antagonists to attenuate silencing after DA depletion. 
DA depletion reduced GPe pacemaking
We initially assessed the effect of lesioning SNc DA neurons with electrophysiological approaches in brain slices from mice that had stereotaxic injections of the toxin 6-hydroxydopamine (6-OHDA). One week after lesioning, ~60% of GPe neurons had lost their normally robust autonomous pacemaking; of those still pacemaking, over a third had discharge rates significantly lower than normal (Fig. 1a) . We obtained similar results after treatment with the broad-spectrum inhibitor of vesicular monoamine transporter, reserpine, or after treatment with an inhibitor of DA synthesis, α-methyltyrosine, both of which induce parkinsonism in mice (Fig. 1a) . In contrast, disrupting the synthesis of another amine, serotonin, by treating mice with DL-p-chlorophenylalanine methyl ester hydrochloride had no effect on the autonomous activity of GPe neurons (n = 8, data not shown).
To determine whether silencing was a transient phenomenon, we examined GPe neurons 3-4 weeks after 6-OHDA lesioning of the ascending DA pathway. At these time points, a large fraction of GPe neurons remained silent (Fig. 1b, left) . The silencing at this time point was all or none (Fig. 1b, middle) . Because variability in the extent of the lesion could contribute to variation in the extent of silencing, we behaviorally assayed animals using a limb asymmetry test that has been correlated with lesion magnitude 20, 21 . We assessed autonomous activity in GPe neurons in brain slices from these mice and found a correlation between the degree of silencing and the severity of the behavioral deficit (Fig. 1b,c) .
Next, we examined GPe neurons in vivo. We subjected rats to unilateral 6-OHDA lesioning, as with the mice described above. At 4-6 weeks later, we anesthetized the animals and recorded single GPe neurons using extracellular electrodes. In contrast to the situation in brain slices, GPe neurons were spiking at close to the same rate found in control animals (Fig. 2a,b) . To determine whether this activity was autonomously generated or dependent on excitatory synaptic input from the subthalamic nucleus, we injected the GABA A receptor agonist muscimol into the subthalamic nucleus while recording from GPe neurons. Muscimol injection into the subthalamic nucleus consistently suppressed cortically evoked, short-latency excitatory responses in GPe neurons that depend on an subthalamic nucleus relay, demonstrating that the manipulation had shut down the subthalamic nucleus (Fig. 2c) . Normally, the suppression of subthalamic nucleus activity only modestly reduced GPe spiking (Fig. 2a,b, left) ;. In control rats, the firing rate decreased from 44.1 ± 11.8 immediately before injection to 25.2 ± 9.9 15 min after the injection (n = 8). However, in the 6-OHDA-lesioned animals, inactivation of the subthalamic nucleus with muscimol silenced GPe neurons within a few minutes (from 38.2 ± 14.8 to 0, n = 9). No spontaneously active neurons were found in the GPe of the same electrode track (Fig. 2a,b, right) , suggesting that, as seen in brain slices, the capacity of GPe neurons to autonomously spike was lost.
DA depletion reduced HCN channel currents
What was responsible for the loss of autonomous activity in the Parkinson's disease models? One consequence of DA-depleting lesions is the disinhibition of GABAergic striatopallidal MSNs 1, 22 . This disinhibition occurs not only in the somatodendritic region of striatopallidal MSNs but also at the GABAergic terminals synapsing on GPe neurons [23] [24] [25] . In simulations, an increased tonic release of GABA onto GPe neurons can hyperpolarize them enough that autonomous pacemaking is suppressed 14, 15 . If enhanced GABA release at striatopallidal terminals was responsible for silencing, antagonizing GABA A receptors should restart pacemaking. However, application of the GABA A receptor antagonist SR95531 (10 μM) did not restart pacemaking in GPe neurons in brain slices from DA-depleted mice (n = 18). Antagonizing GABA B receptors with CGP55845 (1 μM, n = 6) or blocking their target, the Kir3 channel, with Ba 2+ (500 μM, n = 6) also did not restart pacemaking. Lastly, even in GPe neurons that were not silenced after DA depletion (n = 10), the rate of autonomous activity was not altered by antagonism of GABA A receptors (Supplementary Fig. 1 ), demonstrating that tonic elevation of GABA release was not a factor in silencing of GPe neurons, at least in vitro.
In GPe neurons, HCN and Nav1 Na + channels generate the inward current required to sustain pacemaking, ensuring that the axosomatic membrane voltage does not have a stable point 6, 16, 17 . When the membrane potential repolarizes after a spike, HCN channels open and allow cations to flow into the cell, depolarizing the membrane potential into the voltage range where Na + channels become active; activation of Na + channels then brings the membrane potential to spike threshold, completing the pacemaking cycle.
Voltage-clamp recordings from acutely isolated GPe neurons did not show any downregulation of Na + channel currents after DA depletion (Supplementary Fig. 2 ). Corroborating this result, there was no consistent change in the expression of voltage-gated Na + channels (Na v 1.1, Na v 1.2 and Na v 1.6) or Na + leak channels (Nalcn) by DA depletion in tissue (data not shown) and polymerase chain reaction (PCR) assays at the single-cell level (Supplementary Fig. 2) . Moreover, intracellular current injection a r t I C l e S into silenced GPe neurons evoked a normal pattern of spiking ( Supplementary Fig. 3 ), suggesting that the deficit produced by DA depletion was not attributable to a downregulation in Na + channel density or function.
In contrast, several lines of physiological evidence point to a downregulation in HCN channel function. First, the resting membrane potential of silenced neurons was relatively hyperpolarized (Fig. 3a,b) , averaging about −63 mV (n = 20); this is ~10 mV more negative than that of naive GPe neurons made quiescent by blocking Na + channels with tetrodotoxin 17 , suggesting that the normal depolarizing influence of HCN channels had been reduced by DA depletion. Second, negative current pulses delivered to the soma were much more effective in hyperpolarizing the membrane in silenced neurons than in naive GPe neurons or in GPe neurons that retained autonomous activity ( Fig. 3a,b) . To more directly measure HCN channel currents, we made voltage-clamp measurements with a standard two-step protocol 6, 26 . In GPe neurons from mice treated for 5 d with reserpine, peak HCN currents were cut in half (Fig. 3c ,e) (P < 0.05, MannWhitney). Furthermore, the amplitudes of the HCN channel currents measured in voltage clamp were strongly correlated with the magnitude of the hyperpolarization produced by current steps in the same cell (Fig. 3d) . We found the same reduction in HCN channel currents in GPe neurons from mice chronically a r t I C l e S weeks) DA depleted by 6-OHDA injection into the medial forebrain bundle (Fig. 3f,g ), demonstrating the commonality of the phenomenon across Parkinson's disease models.
DA depletion downregulated HCN expression
One way to downregulate HCN channel currents is to diminish the allosteric enhancement of channel opening produced by modulators like cyclic adenosine monophosphate (cAMP) or phosphatidylinositol 4,5-bisphosphate (PIP 2 ) 27 . A hallmark of this type of modulation is a shift in the voltage dependence of activation and acceleration in gating. However, there was no difference in the voltage dependence of HCN channels in GPe neurons (Fig. 3e,f) from DA-depleted mice (median half-activation voltage: naive = −90.1 mV, n = 5; reserpine = −87.4 mV, n = 12; 6-OHDA = −92.5 mV, n = 8; P > 0.05, Mann-Whitney). Furthermore, HCN channel gating was not altered by DA depletion. With a voltage step to -130 mV, the growth of HCN channel currents had fast and slow components (consistent with our earlier observations) 6 ; DA depletion did not significantly change the time constant (Supplementary Fig. 4 ) of either component (median τ fast : naive = 167, n = 20; reserpine = 189, n = 25; median τ slow : naive = 937 ms, n = 20; reserpine = 924 ms, n = 25; P > 0.05, Mann-Whitney). Despite substantial space-clamp constraints inherent in these measurements, they suggest that intracellular modulation is unlikely to be altered after DA depletion.
Another way to decrease HCN channel currents is to decrease surface expression. To test this hypothesis, we used GPe (and cerebral cortex) membrane fractions for western blot analyses. DA depletion decreased the abundance of all four HCN α subunits (HCN1-HCN4) in GPe tissue but did not alter expression in the cerebral cortex (Fig. 4a) . In addition, DA depletion modestly downregulated GPe expression of the tetratricopeptide repeat (TPR)-containing Rab8b-interacting protein (TRIP8b), the HCN channel β subunit in the brain 28, 29 . To determine whether the drop in expression of HCN channels was caused by transcriptional regulation or altered trafficking, we used quantitative real-time PCR (qPCR) to estimate mRNA levels (Fig. 4b) . In agreement with previous work 6, 30 , this analysis showed that HCN2 mRNA is enriched in the GPe (~2.5 times higher than in total brain). More notably, DA depletion with reserpine induced a significant reduction in the abundance of all four HCN subunit mRNAs, as well as TRIP8b mRNA (Fig. 4b) . The decrease in HCN and TRIP8b mRNA also was sustained 3-4 weeks after a 6-OHDA lesion (Supplementary Fig. 5 ).
Viral delivery of HCN2 restored pacemaking
Although the strong correlation between silencing and downregulation of HCN channel expression suggests a causal linkage, it is not unequivocal evidence. If there is a causal linkage, downregulating HCN expression without depleting DA should silence GPe neurons. Application of the HCN channel antagonist ZD7288 or Cs + suppresses autonomous activity in naive GPe neurons 6 . This result is difficult to interpret because these blockers have effects on other ion channels that might influence pacemaking. As shown above, HCN2 is the predominant HCN subunit in GPe neurons. If DA depletion silences GPe neurons principally by downregulating transcription of the HCN2 gene, then the absence of the HCN2 transcript should mimic DA depletion. To test that hypothesis, we examined HCN2-null mice 31 along with HCN1-null mice 32 . In mice lacking HCN1 subunits, the current amplitude of the HCN channel was normal (n = 9, P > 0.05, Mann-Whitney), as was the rate of pacemaking (n = 14, P > 0.05, Mann-Whitney) (Fig. 5) . In contrast, GPe neurons from HCN2-null mice had significantly reduced HCN channel currents (n = 15, P < 0.05, Mann-Whitney) and were completely silent (Fig. 5) .
To provide an additional test of the hypothesis that HCN channel downregulation was responsible for silencing induced by DA depletion, we reintroduced HCN2 subunits into GPe neurons 3 weeks after near complete unilateral lesions of DA neurons with 6-OHDA. We did this by stereotaxic injection into the GPe of adeno-associated virus carrying an HCN2 subunit expression construct (Fig. 6a,b) . At 2-5 weeks after virus injection, pacemaking was restored in the majority (9 of 15) of infected GPe neurons recorded in brain slices, whereas neighboring uninfected GPe neurons remained silent (n = 5, Fig. 6c,d) . To verify that HCN2 delivery would have a similar impact in vivo, we injected unilaterally 6-OHDA-lesioned rats with the same adeno-associated virus vector and sampled GPe activity 3 weeks later using extracellular recording in vivo. As we predicted from the in vitro assays, the basal discharge rate increased (median rate: lesion = 24.8 Hz, n = 113; lesion plus virus = 30.8 Hz, n = 111; P < 0.001, Mann-Whitney) and bursting decreased (median burst index: lesion = 0.49, n = 113; lesion plus virus = 0.36, n = 111; P < 0.001, Mann-Whitney) in GPe neurons from rats treated with the HCN2 adeno-associated virus (HCN2-AAV; Fig. 6e) .
If loss of autonomous activity was the primary cause of the pathological rhythmic bursting underlying the motor disability a r t I C l e S seen after DA depletion, then its restoration with the HCN2-AAV should ameliorate the disability. However, HCN2 delivery to unilaterally lesioned mice mediated by adeno-associated virus did not significantly improve ipsilateral forepaw usage, open field activity or other sensorimotor functions (Supplementary Fig. 6 ). This did not seem to be caused by an inability to infect a large population of GPe neurons, as even robust infections (for example, Fig. 6b,c) did not significantly (P > 0.05, Mann-Whitney) improve motor deficits.
Antagonism of L-type Ca 2+ channels mitigated silencing HCN2 upregulation and restoration of autonomous pacemaking in GPe neurons did not alleviate motor deficits induced by DA depletion, suggesting that it is not the cause of the network pathology underlying the deficits but rather an effect. This conclusion is consistent with recent work showing that inactivating the DA projection to the basal ganglia induces pathological rhythmic bursting in GPe neurons in minutes, not days 33 . In many neurons, a substantial perturbation in spiking induces homeostatic mechanisms in an attempt to restore normal activity 18, 19 . Although synaptic scaling is the best-studied form of homeostatic plasticity, intrinsic mechanisms, like ion channel expression, have also been identified as homeostatic targets 18, 19 . In both cases, Ca 2+ entry through L-type channels or NMDA receptors serves as a homeostatic control variable. After DA depletion, the most prominent change in the activity of GPe neurons is not in mean spike rate but in emergence of rhythmic spike bursts (for example, Fig. 2 ). For this perturbation to trigger homeostatic mechanisms aimed at decreasing spiking, spike bursts should substantially increase Ca 2+ entry through L-type channels. To test this hypothesis, we monitored Figure 5 Autonomous activity and HCN currents of GPe neurons from mice lacking HCN1 or HCN2. (a) Representative cell-attached recordings in wild-type mice and mice lacking HCN1 or HCN2. GPe neuron activity from HCN1-null mice (n = 14, P > 0.05, Mann-Whitney) was similar to that seen in wild type (n = 131), whereas that from HCN2-null mice was quiescent (n = 15). (b) Representative cell-attached recordings and tail current recordings in wild-type mice and mice lacking HCN1 or HCN2. HCN currents from GPe neurons from Hcn1 −/− mice (n = 9) were largely similar to those of wild type (n = 50, P > 0.05, Mann-Whitney), whereas those from HCN2-null mice (n = 15, P < 0.05, Mann-Whitney) were markedly reduced. (c) Summary data of autonomous discharge and HCN current amplitude in GPe neurons from wild-type and subunit-specific mutant mice. (Fig. 7a-c) . However, evoking a burst of spikes transiently elevated cytosolic Ca 2+ concentration and a large component of this rise was attributable to opening of L-type channels, particularly in dendritic regions (Fig. 7a-c) .
Stereotaxic intrapallidal viral injection
To test the hypothesis that burst-evoked opening of L-type Ca 2+ channels triggered the downregulation of HCN channels, we treated mice with isradipine, an L-type Ca 2+ channel antagonist that penetrates the blood-brain barrier 26 , during the course of DA depletion. Consistent with this hypothesis, the firing rate of GPe neurons from mice treated with isradipine was significantly higher than that in neurons from control mice (median rate: reserpine alone = 0 Hz, n = 55; reserpine and isradipine = 10.34 Hz, n = 22; P < 0.05, Mann-Whitney; Fig. 7d,e) . Isradipine significantly shifts the firing rate of GPe neurons from the DA-depleted animals toward that seen in naive animals (P < 0.05, Kolmogorov-Smirnov).
DISCUSSION
Our results show that rendering rodents parkinsonian by DA depletion induces the downregulation of HCN channel expression in GPe neurons, leading to a loss of their characteristic autonomous pacemaking. The loss of autonomous activity was progressive, encompassing more of the GPe neuronal population in the days after DA depletion. Viral delivery of an HCN2 subunit expression construct restored pacemaking and reduced pathological rhythmic burst spiking of GPe neurons of Parkinson's disease models. Systemic administration of an L-type Ca 2+ channel antagonist that crosses the blood-brain barrier also mitigated the adaptation, suggesting that it reflected a maladaptive form of homeostatic plasticity.
HCN channels and the origins of rhythmic bursting HCN channels are necessary for autonomous spiking in GPe neurons, as they keep the membrane potential from stabilizing below the activation threshold for voltage-dependent Na + channels 6, 17 . Sustained DA depletion reduced HCN channel currents in GPe neurons. This was paralleled by a reduction in all four of the pore-forming HCN subunits at both the mRNA and protein levels. TRIP8b, an HCNtrafficking protein, was also downregulated. The downregulation of the GPe dominant HCN2 subunit was the most prominent of these changes. Selective deletion of the gene coding for HCN2 (but not HCN1) also silenced GPe neurons and viral delivery of an HCN2 expression construct restored pacemaking after DA depletion, establishing the causal linkage between HCN2 downregulation and loss of pacemaking.
As outlined above, in Parkinson's disease models and in late-stage Parkinson's disease patients, GPe and subthalamic nucleus neurons spike in synchronous, rhythmic bursts, a behavior that is rarely seen in healthy brains [1] [2] [3] [10] [11] [12] . This pathophysiological activity is correlated with motor symptom severity and is responsive to L-DOPA treatment, suggesting it is causally linked to motor dysfunction 34 . Because of its linkage to the core Parkinson's disease symptoms, its origins have been the subject of much speculation. Because the GPe and the subthalamic nucleus are a reciprocally connected pair of excitatory and inhibitory cell groups 10 , the dyad they form seems designed to produce alternating periods of activity and quiescence, or rhythmic bursting. With the widespread and potent axonal projection of GPe neurons 10 , this activity pattern could entrain many basal ganglia nuclei 35 , leading to global network synchrony and the motor symptoms of the disease. We are puzzled by why this network does not exhibit rhythmic bursting normally. Simulations have shown that several factors control this behavior, including network structure, connectivity and ongoing autonomous activity in GPe neurons 14, 15 . In simulations, pathological rhythmic bursting can be triggered by modestly hyperpolarizing GPe neurons with a tonic striatal GABAergic input, effectively suppressing decorrelating, autonomous activity. Although a deficit in pacemaking might mimic this situation and induce rhythmic bursting, this is an unlikely scenario in Parkinson's disease models for several reasons. First, the loss of autonomous pacemaking takes days to evolve after DA depletion, whereas rhythmic bursting takes minutes to appear after pharmacological inactivation of DA fibers 33 . Second, the restoration of pacemaking by viral HCN2 gene delivery to the GPe in vivo did not reverse the motor consequences of DA depletion and only attenuated rhythmic bursting.
If rhythmic bursting does not originate in the loss of pacemaking in GPe neurons, then where? Striatopallidal GABAergic MSNs are a major regulator of GPe activity. Disinhibition of these MSNs after DA depletion has long been considered a key part of the pathophysiology of Parkinson's disease 1, 22 . By increasing MSN responsiveness to cortical excitation and by diminishing inhibitory presynaptic regulation a r t I C l e S of their GABA release within the GPe, DA depletion is thought to potentiate the ability of corticostriatal networks to inhibit GPe neurons 35 . Release from an intense inhibitory MSN barrage could induce rebound burst spiking in GPe neurons. However, a more probable possibility given the intermittent nature of MSN activity (even in Parkinson's disease models) is that bursting is driven by the subthalamic nucleus. The subthalamic nucleus provides a robust excitatory synaptic input to GPe neurons that is altered in Parkinson's disease models. In unilateral 6-OHDA models, the cerebral cortex and the subthalamic nucleus frequently oscillate in synchrony and this oscillation propagates into the network formed by the subthalamic nucleus and GPe 35, 36 . This hypothesis could be tested by ablating the subthalamic nucleus input before DA depletion. If subthalamic nucleus bursting is critical to the adaptation in GPe, this should prevent the downregulation of HCN subunits.
Rhythmic bursting, pacemaking and homeostatic plasticity If the loss of pacemaking does not cause rhythmic bursting, could rhythmic bursting cause the loss of pacemaking? In other neurons, HCN channels are downregulated after sustained elevations in excitatory synaptic input. In models of epilepsy, for example, HCN subunit expression is downregulated in entorhinal cortex or hippocampal neurons after kindling [37] [38] [39] . This seems to be a form of homeostatic plasticity intended to return the spiking rate to a predetermined set point 18, 19, 40 . Although the mean spiking rate of GPe neurons does not change consistently after DA depletion, an increased incidence of burst spiking might be misinterpreted by the cellular machinery controlling homeostatic plasticity as an increase in mean rate. Ca 2+ entry though L-type channels typically serves as a surrogate measure of spiking 41 . In GPe neurons, the Ca 2+ signal attributable to influx through L-type channels was markedly enhanced by burst spiking. In keeping with the hypothesis that influx of Ca 2+ through L-type channels during bursting triggered homeostatic downregulation of HCN channel expression, systemic administration of the L-type channel antagonist isradipine attenuated the loss of pacemaking. Although L-type Ca 2+ channels are widely distributed, the most probable site of action was the GPe neuron itself, where pacemaking keeps the membrane potential in a range where the affinity of these channels for dihydropyridines is the highest 42 . Another potential contributor to the adaptation seen in GPe neurons, and one that contributes to other forms of homeostatic plasticity 19 , is the NMDA receptor. Although the downregulation of HCN channels does not induce rhythmic bursting, it might exacerbate it. Normally, deactivation of HCN channels creates an opposing hyperpolarizing current that diminishes the impact of a sustained excitatory synaptic barrage 43 . Downregulating membrane HCN channels should remove this dendritic brake and enhance the ability of repetitive subthalamic nucleus spiking to evoke burst spiking in GPe neurons. This could be similar to the situation in the hippocampus in which HCN downregulation renders neurons more susceptible to high-frequency, repetitive synaptic input, increasing seizure severity [37] [38] [39] . This tendency should be increased further by the loss of presynaptic D 2 receptor inhibition of glutamate release 44 and enhanced postsynaptic NMDA receptor activity 45 . Thus, the homeostatic response of GPe neurons seems maladaptive in that it promotes the pattern of discharge that is most disruptive to the rest of the network and to motor control (Supplementary Fig. 7 ). If this were the case, attenuating this adaptation could prove beneficial to late-stage Parkinson's disease patients when used in conjunction with other therapies.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website. synthesized using qScript cDNA Supermix (Quanta Biosciences). Real-time PCR was carried out using SYBR Green I on a StepOnePlus thermocycler (Applied Biosystems). The thermal cycling conditions included an initial denaturing step at 95 °C for 3 min, and 40 cycles at 95 °C for 15 s, 60 °C for 60 s and 72 °C for 30 s. The PCR cycle threshold (C T ) values were measured within the exponential phase of the PCR reaction using StepOnePlus (Applied Biosystems). A relative quantification method (that is, the ΔΔC T method) was used to quantify difference in transcript level with GAPDH used as the reference. Experiments for each gene of interest were run in triplicate. Desalted primers were custom synthesized (Invitrogen) and intron spanning. The gene expression levels in each sample were characterized by their median values and ranges, s.e.m. of individual reactions and their coefficients of variation. Results were presented as fold difference relative to whole brain. Statistical analysis (Mann-Whitney U-test) was carried out. Differences between the cell groups were judged significant at confidence levels of 95% (P < 0.05).
western blot analyses. Tissue dissection and harvesting were carried out as described above. Membrane protein fractions were prepared by lysis of tissue in buffer containing 10 mM HEPES, pH 7.4, and 320 mM sucrose, followed by brief centrifugation to remove nuclei and insoluble material. After centrifugation at 16,000g, the pellet was resuspended by gentle rocking at 4 °C in TEEN-Tx (0.1 M Tris, 1 mM EDTA, 1 mM EGTA, and 1% (vol/vol) Triton X-100). Protein extracts were resolved by SDS-PAGE and transferred to polyvinylidene difluoride membranes. Western blotting was carried out as described 28, 30 using primary antibodies to: HCN1, 1:2,000; HCN2, 1:2,000; HCN3, 1:500; HCN4, 1:2,000; TRIP8b, 1:5,000; and α-tubulin, 1:10,000 (Upstate Biotechnology). Densitometric quantification of signal intensity was done using NIH ImageJ software, and α-tubulin signal intensity was used as a loading control.
Behavioral testing. Behavioral procedures and parameters were similar to those described 46 . Stepping test: mice were held by the tail with their hindlimbs suspended above the table and dragged backward at a steady rate for 1 m over 3-4 s.
Number of adjusting steps made with the contralateral or ipsilateral paw relative to the lesioned hemisphere was recorded 47 . Pole test: mice were placed facing upward on a wooden pole (50 cm long and 1 cm in diameter) that leads into their home cage. Mice were trained and assessed. Turning time and total time to descend were recorded. Adhesive removal: adhesive dots (0.6 cm diameter) were placed on the either side of the nose of the mouse and the time to remove the dots was recorded. Gait analysis: mice were trained to traverse a path leading to the home cage mouse. After training, hindpaws were dipped in nontoxic paint to record paw prints of the animals. Average stride length was measured using only steps where the animal was continuously walking at a regular pace. Challenge beam task: mice were trained to traverse a plexiglass beam of decreasing width with an overhang ledge on both sides of the beam and a wire grid placed on top of the beam. The time to traverse the beam, total number of steps and total number of errors were assessed. Spontaneous activity (cylinder task): spontaneous behavior was evaluated by monitoring movement in a transparent cylinder (15.5 cm high and 12.7 cm in diameter) for 3 min. The cylinder was placed on a piece of glass and a mirror was place below the cylinder to reflect stepping movement from underneath. Number of steps taken by the contralateral and ipsilateral paws, total rearing movements and total time spent grooming were evaluated. data analysis and statistics. Curve-fitting, data and statistical analyses and plotting were done using Clampfit9 (Molecular Devices) and IgorPro 6.0 (WaveMetrics). Data were presented as median or mean ± s.e.m. and compared statistically using Mann-Whitney rank sum test. Kolmogorov-Smirnov test was used to compare distributions of data sets. P values < 0.05 indicate statistical significance.
